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1 INTRODUCTION
Satisfactory behaviour of structures under severe seismic loading is usually largely 
dependent on the ability of key components to undergo significant inelastic 
deformations. In the case of concentrically braced frames, the critical elements are the 
diagonal bracing members which are expected to experience repeated cycles 
involving yielding in tension and member buckling in compression. The performance
of bracing members depends on various factors, including local slenderness, global 
slenderness, material yield strength, section shape and end restraint [1]. Due to the 
difficulty in modelling the non-linearity and cyclic plasticity accurately, numerous 
experimental studies have been carried out to study the cyclic inelastic behaviour of 
bracing members.
The interest of researchers in the early days was primarily in the load-displacement 
hysteretic response of the braces. Models were proposed to predict residual elongation 
at zero load, loss of compressive strength, the area under the hysteresis loops which 
represents the amount of energy dissipation, and other key characteristics of the 
hysteresis loops [2-5]. It was generally concluded [4,5] that global slenderness was 
the most important parameter influencing the hysteretic behaviour of braces. Slender 
members lost compressive resistance more rapidly than stocky members, resulting in 
fewer inelastic response cycles and lower amount of energy dissipation.
More recently, attention has shifted to examination of the factors influencing the 
fracture life of bracing members. Through experimental testing, both global and local 
slenderness were found to be important factors in determining fracture life. Tang and 
Goel [6] proposed one of the first empirical equations for predicting the fracture life 
of bracing members, which suggests that fracture life is proportional to both the 
aspect ratio of the cross-section and the global member slenderness but inversely 
proportional to the square of the local slenderness. However, the validity of this 
prediction method is limited to bracing members in inverted V braced frames. Further 
developments [7-9] in the prediction of fracture life of brace members have utilised 
this basic proposed equation and generalised the applicability to bracing members in 
other concentrically braced frame configurations.
A more general relationship was established following a comprehensive survey of the 
experimental cyclic behaviour of steel bracing members conducted by Tremblay [7], 
in which buckling resistance, post-buckling resistance in compression, tensile 
resistance, fracture life and a number of other properties from about 50 members were 
assessed. Shaback and Brown [8] carried out tests on square hollow section bracing 
members and calibrated a more sophisticated expression of fracture life, defined as 
Revised Manuscript
Click here to view linked References
2the weighted sum of normalised compressive and tensile deformation, in terms of 
global slenderness, local slenderness, aspect ratio of the cross-section and material 
yield strength. A similar experiment programme was also conducted by Goggins et al. 
[9] and examined the influence of several of these parameters for square and 
rectangular tubular members. Another measure of the ductility of a member – the
displacement ductility capacity – defined as the maximum displacement normalised 
by yield displacement, was expressed in terms of material yield strength, global 
slenderness and local slenderness respectively in three empirical relationships.
Despite the availability of a number of models for predicting the ductility capacity of 
braces, there are significant uncertainties in these predictions owing to their semi-
empirical nature as well as the scatter of test results. Also, the constituent material of 
the bracing members has not been specifically considered as a factor influencing the 
ductility of the members. In light of the increasing structural application of stainless 
steel hollow sections, there is a need to study the behaviour of bracing members of 
this material under cyclic loading. In particular, it is important to assess the potential 
benefit of the relatively high tensile ductility and substantial strain hardening of 
stainless steel. Cyclic material tests have been conducted in a previous study by Nip et 
al. [10] on structural carbon steel and stainless steel coupons cut from the members
tested herein. Suitable strain-life relationships and material cyclic hardening 
parameters have been calibrated. By introducing the calibrated parameters to finite 
element models, and utilising the damage prediction method developed previously
[11], a reliable means of predicting the fracture life of structural carbon steel and 
stainless steel bracing members has been established. Such models enable the 
influence of material properties on cyclic response of structural members to be 
investigated.
In the current study, cyclic axial tests on carbon steel and stainless steel hollow
section members were carried out up to complete fracture, in order to simulate the 
behaviour of bracing members in concentrically braced frames. The cyclic behaviour 
of the bracing members in terms of hysteretic loops, displacement ductility and 
energy dissipation were evaluated. Several sensitivity and parametric studies, using 
numerical models and a damage prediction method verified against experimental 
results, were conducted to compare the performance of structural members of 
different materials over ranges of the full global and local slenderness permitted in the 
ductile design of earthquake resistant concentrically braced frames [12].
2 EXPERIMENTAL PROGRAMME
The objective of the experimental programme was to investigate the cyclic behaviour 
of bracing members in concentrically braced frames by means of cyclic axial tests. 
Specimens of hot-rolled carbon steel of Grade S355 J2H [13], cold-formed carbon 
steel of Grade S235 JRH [14] and cold-formed austenitic stainless steel of Grades EN 
1.4301 and 1.4307 [15] were tested. Owing to the similarity in chemical composition
and specified mechanical properties, the two stainless steel grades were grouped as 
the same material in this study, and indeed, exhibited similar behaviour in both
material and member tests.
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Table 1. All the materials had similar yield strength but the stainless steel showed
higher ultimate strength and elongation at fracture, which are typical differences 
between structural carbon steel and austenitic stainless steel. The percentage 
elongation at fracture was measured over a standard gauge length specified in EN 
10002-1 [16]. Testing in the current study involved 16 square and rectangular hollow 
members of various lengths and section sizes in the three materials, some of which 
were tested under static loading in compression and bending as part of a comparative
study between hot-rolled and cold-formed steel tubular members [17]. The measured 
geometric properties of the tested sections are given in Table 2, for which the 
associated symbols are defined in Fig. 1. In Tables 1 and 2, and throughout the paper, 
specimens are identified by member size (depth × width × thickness × length), 
material (either carbon steel ‘CS’ or stainless steel ‘SS’) and forming process (either 
hot-rolled ‘HR’ or cold-formed ‘CF’).
Codes typically impose an upper limit on the global slenderness λ of bracing 
members in concentrically braced frames which is specified as 2.0 in EC8 [12]. The 
global slenderness  is defined as 
cry NAfλ  (1)
where yf is the material yield strength, A is the cross-sectional area, and crN is the 
elastic critical buckling load. If high dissipative structural behaviour is assumed in the
design, cross-sections of bracing members are required to be Class 1. The local 
slenderness of a cross-section, upon which the cross-section class is determined, is 
defined as tεb where b is the flat width of the wider face of the section, t is the 
thickness of the section and yf235ε  . In the current experimental and parametric 
studies, all specimens conform to the 0.2λ  requirement. All cross-sections are 
deemed as Class 1 according to EC3 Part 1-3 [18] and the new slenderness limits 
recently proposed for stainless steel sections by Gardner and Theofanous [19], though 
the most slender stainless steel sections in the experimental and parametric studies, 
respectively, are Class 3 according to EC3 Part 1-4 [20]. The revised slenderness 
limits for stainless steel sections [19] are based on a considerably larger pool of 
experimental data than was available at the time of preparation of EC3 Part 1-4 [20], 
and are thus considered more representative of observed physical behaviour.
Specimens were tested under cyclic axial loading in an internal reaction frame as 
shown in Fig. 2. Displacements and rotations were restrained at both ends of the 
members, other than axial displacement at the loaded end, which was controlled by a 
100 T Instron hydraulic actuator. A transducer was used to measure any displacement 
at the unloaded end of the member so that the flexibility of the test rig could be 
eliminated when the test data were processed. Strain gauges were placed at the centre 
of each flat face and at each corner at the mid-length of the specimens in order to 
measure the distribution of strain across the section during buckling. Two draw-wire 
transducers were attached to the specimens to measure the lateral deflection at mid-
length in the vertical and horizontal directions (Fig. 3). In order to prevent premature 
fracture at the welded end plates, a stiffener plate was inserted at each end of the
specimens to provide an adequate length of weld between the specimen and the end 
plates. The end plates were bolted to the actuator and to the reaction frame.  Details of 
the end plate connections are shown in Fig. 4. The end connections were designed to 
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effective column lengths were therefore assumed to be half of the length of the
specimens.
The applied axial displacement history followed the recommendations of ECCS [21], 
i.e. one cycle at each level of 0.25, 0.5, 0.75 and 1.0 y, followed by three cycles at 
each level of 2, 4, 6, 8y, etc., where y is the estimated axial yield displacement. In 
the current study, tensile coupons of the materials at the flat faces and corner areas 
were tested. Typical stress-strain curves are given in Figs 5 and 6. The yield strains of 
flat and corner materials were weighted according to their proportions of area in the 
cross-section to give the yield strain of a section. The yield displacement of each 
specimen was then determined as the product of the length of the member and the 
weighted yield strain of the cross-section. For the cold-formed carbon steel and 
stainless steel sections, the strain at the 0.2% proof stress was taken as the yield strain.
The displacement was applied at a strain rate of 3×10-4 s-1 which is within the 
recommended range for quasi-static testing [22].
3 TEST RESULTS
A summary of the test specimens and results, including applied yield displacement, 
local and global slenderness, number of cycles before the occurrence of global 
buckling, local buckling and corner fracture, together with the displacement ductility, 
is given in Table 3. A more detailed description of test results is provided below.
3.1 Hysteretic response
Specimens typically underwent elastic deformation in the first few cycles. Global
lateral buckling was generally initiated when the applied displacement was in the 
proximity of the yield displacement. At this stage in the cyclic loading regime, the 
deformed shape of the specimens resembled that of elastic buckling (Fig. 7). As 
expected, the stockier members buckled one or two cycles after the relatively slender 
specimens. Upon reloading in tension, the specimens were straightened but there 
always remained a small residual lateral deflection. The three RHS specimens 
exhibited horizontal deflections only (i.e. buckling about the weaker axis), though the 
longer RHS specimens also showed small vertical deflections (i.e. a degree of 
buckling about the stronger axis). All short SHS specimens deflected in either the 
horizontal or vertical directions, though Specimen 60×60×3×1250-SS-CF showed 
deflections in both directions, though one was dominant. Horizontal and vertical 
components of deflection were observed, to some degree, in all medium-length and 
long specimens. As the applied displacement increased, local buckling occurred at 
mid-length and, in some specimens, close to the end stiffeners. Plastic hinges formed 
at those locations, which resulted in the mechanism shown in Fig. 8. More 
pronounced local deformation was observed at the mid-length of the member than at 
the member ends due to the larger rotation.
Measurements of mid-length lateral deflections (i.e. the magnitude of the vertical and 
horizontal components) for the short, medium and long cold-formed stainless steel 
60×40×3 specimens are shown in Fig. 9, along with the predictions of lateral 
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geometry of the specimens after the formation of a plastic mechanism, which leads to 
longer specimens having larger lateral deflections at a given applied axial 
displacement. The measured deflections gradually increased as larger axial 
displacements were applied and as the plastic mechanism formed but only increased 
modestly during cycles at the same applied axial displacements. The predictive model 
considers permanent elongation due to yielding, but not axial shortening, so the 
predictions provide a conservative estimation of the lateral deflections. In Fig. 10, the 
measured mid-length lateral deflections for three specimens with similar global 
slenderness but different local slenderness and materials are compared. The predicted 
values given by Tremblay [7] for the three specimens are very close and have 
therefore been represented by a single curve. However, the results show that the 
50×50×3×1250-SS-CF has a smaller lateral deflection than that of the hot-rolled and 
cold-formed carbon steel specimens. It may be seen that, as far as lateral deflections
are concerned, local slenderness, material properties, the length of the specimens and 
the deformed shape, i.e. ‘elastic buckling’ or ‘plastic hinge mechanism’ are all 
influential factors.
Typical load-displacement hysteretic curves are given for all test specimens in Figs
11-13. Absolute values of load and displacement are used instead of normalised ones 
to facilitate comparison with analysis by other researchers. Displacement can be 
readily converted to ductility by using values of yield displacement in Table 3. In the
following sections, the terms tensile loading half cycle and compressive loading half 
cycle are used as indicated in Fig. 11(a). Comparison between typical load-
displacement hysteretic loops for bracing members of the three materials with similar 
global slenderness and local slenderness can be made by considering the graphs of 
60×60×3×2050-CS-HR, 60×60×3×2050-CS-CF, 50×50×3×1250-SS-CF in Figs 11(a), 
12(a) and 13(h). Cyclic hardening is most pronounced for the cold-formed stainless 
steel specimen, which is manifested by high maximum tensile resistance in Fig. 13(h).
Furthermore, during the first cycle at each displacement amplitude, a non-zero tangent
stiffness is maintained throughout almost the entire tensile half-cycle. In contrast, the 
tensile resistance of the carbon steel specimens reaches a plateau earlier in the 
corresponding cycles. In the second and third tensile half-cycles at ±4y, for example, 
the stainless steel specimen maintains a high tangent stiffness while the carbon steel 
specimens show a concave curve in the tensile loading half cycle and low tangent
stiffness at zero applied displacement. During the compressive loading half cycles, 
nonlinearity initiates earlier for the stainless steel member but the deterioration of 
compressive resistance is slower after buckling has occurred. This is reflected in Fig. 
14 which shows the change in maximum compressive resistance, Fy, at various
applied displacements. The stainless steel specimen has a lower compressive 
resistance in the initial cycles. As the test progresses, the stainless steel specimen 
gradually develops higher compressive resistance due to the more substantial cyclic 
hardening. It achieves the highest resistance at a ductility of 4.
The normalised initial buckling loads observed in the experiments are plotted against
global slenderness and are compared with the design resistance, Fb, given in Eurocode 
3 (Fig.15). Cross-sectional area and material yield strength are represented by A and 
fy , respectively, in the figure. Buckling ‘curve a’ and ‘curve c’ in EC3 Part 1-1 [18]
are prescribed for hot-rolled and cold-formed carbon steel hollow sections 
respectively. The buckling curve for stainless steel hollow sections provided in EC3 
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Although the design curves have been derived from quasi-static test results, they offer
satisfactory prediction of the buckling loads of the test specimens which have been 
preceded by a number of small amplitude load cycles. The stainless steel curve gives 
the best agreement with the tests while the hot-rolled and cold-formed carbon steel 
data points are all above their corresponding curves.
The compressive resistance in subsequent cycles reduces due to the accumulated 
elongation and residual lateral deformation of the specimens. In order to evaluate the 
minimum post-buckling resistance of bracing members at certain ductility level, 
which is a critical loading scenario for determining the forces developed in other 
frame members [1], various predictive equations have been proposed. According to 
AISC [23], the design post-buckling compressive strength is 30% of the initial
buckling strength regardless of global slenderness and applied displacement.
Tremblay [7] has collected test results with symmetrical loading histories and derived 
expressions for minimum post-buckling resistance at compressive displacements of 
2y, 3y and 5y respectively in terms of global slenderness. Similarly, Remennikov 
and Walpole [24] have proposed an empirical relationship for post-buckling resistance 
at a compressive displacement of 5y for braces with global slenderness less than 1.27.
The symmetric loading regime employed in the present study simulates braces in
frames with similar level of expected peak ductility in tension and compression. In 
light of this, the minimum post-buckling resistance is taken as the load in the test 
member when the target compression ductility level is reached for the first time after 
the specimen has experienced the same ductility level in tension. Minimum post-
buckling resistances of the test specimens at compression displacements equal to 2y
and 4y are shown in Figs 16 and 17 respectively, along with predictive curves [7, 23,
24]. As suggested in a previous study [7], the predictions of resistance at compressive 
displacements equal to 4y have been obtained by linear interpolation of the 
predictions at displacements equal to 3y and 5y. The behaviour of the specimens of 
the three materials follows a similar trend, with stainless steel specimens retaining
slightly higher post-buckling resistance. Tremblay’s [7] expressions provide good 
estimations of the post-buckling resistance for stainless steel specimens at 
displacements equal to 2y and 4y, despite the expressions having been derived from 
results of carbon steel specimens. The curve from AISC [23] also gives satisfactory 
predictions for members with intermediate and high global slenderness at 
displacements equal to 4y. However, Remennikov and Walpole [24] overestimate
the post-buckling resistance of the specimens over much of the range of global 
slenderness for which the expression is intended.
The shape of the hysteretic loops also affects an important indicator of the 
performance of a bracing member – energy dissipation. In order to provide a 
normalised comparison of energy dissipation, hysteretic energy, W, can be normalised 
by yield load and yield displacement of the specimens. Although the stainless steel 
specimens exhibit higher tensile and compressive resistances than the carbon steel
specimens, the areas under the hysteretic loops of specimens of the three materials are
similar. Fig. 18 shows the accumulation of hysteretic energy dissipation of specimens 
with similar slenderness in the three materials. The sharper increase in energy 
dissipation of the stainless steel specimen in the last two cycles relates to its ability to 
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the normalised energy dissipation during the 8th cycle, which is the cycle with the 
largest amount of energy dissipation for most specimens. It reveals a trend of 
decreasing energy dissipation with increasing global slenderness but there is no 
obvious distinction between the three materials.
3.2 Fracture life
Once local buckling occurs, high stresses and strains develop in the corner areas
which offer higher axial stiffness than the flat faces. Strain localisation in the corner 
areas leads to crack initiation after a few cycles of successive inelastic buckling and 
tensile yielding. These cracks grow into larger opening and propagate quickly around 
the cross-section under tensile loading. This sequence of events was observed in all 
test specimens. Tests were continued until complete fracture of the specimens. Figs
20(a)-(c) show the onset of local buckling, formation of small openings at the corners
and complete fracture of specimen 60×40×3×1250-SS-CF, respectively.
13 out of 16 test specimens fractured at the mid-length where the rotation was the 
largest. However, welding at the member ends introduces defects and can affect the 
ductility of the material in the region of the stiffeners. Specimens 40×40×4×2050-CS-
CF and 40×40×3×2050-CS-CF fractured in the heat affected zone adjacent to the 
stiffeners while Specimen 60×40×3×2850-SS-CF failed at the weld. Although small 
cracks appeared in the weld of Specimens 40×40×3×2050-CS-HR, 40×40×3×1250-
CS-CF and 60×60×3×2050-SS-CF, final fracture occurred at mid-length.
Complete fracture of a specimen is a common definition of failure but is not always 
appropriate for signalling the significant loss of resistance of a member. Once an 
opening is formed, it grows quickly and the reduction in cross-sectional area weakens 
the specimen. Some specimens survived a number of additional cycles following 
corner opening by relying on a small fraction of the cross-section remaining intact; 
however, in practice, such a bracing member will no longer be capable of providing
effective lateral stiffness to the frame. Therefore, in this study, the number of cycles 
to failure has been defined as the cycle when small cracks at the corner grow into an 
opening, which can often be indentified in a load-displacement hysteresis curve by a 
sudden drop in load.
Table 3 summarises the numbers of cycles at which global buckling, local buckling 
and initiation of an opening occurred. An alternative measurement of deformation 
capacity, the displacement ductility, is also presented in the table. This is defined as 
the maximum displacement to which a specimen has been subjected before failure,
divided by its yield displacement. The majority of the specimens showed local 
buckling at around the eighth cycle when the maximum strain in the flat faces reached 
around 4% due to combined axial and bending deformations. The specimens which 
buckled locally at the eighth cycle then failed soon afterwards at a displacement
ductility of 4. Some specimens, which were either of low local slenderness or high 
global slenderness, showed higher displacement ductility. The influence of these two 
slenderness parameters can be examined more clearly with data from other 
experimental programmes and numerical studies.
84 NUMERICAL MODELLING
In order to study the performance of braces outside the tested range, a numerical 
modelling programme was undertaken. Detailed three-dimensional finite element (FE)
models of bracing members have been developed. FE modelling was utilised instead 
of phenomenological models since they are able to simulate not only global behaviour, 
but also local buckling and deformation of the cross-section, which are critical for 
predicting fracture.
The general purpose finite element package ABAQUS [25] was used to develop 
models firstly to replicate the behaviour of tested SHS and RHS braces. The models 
were subjected to cyclic axial displacements with large plastic deformation within 
non-linear analyses. Two lines of symmetry were utilised in the models such that only 
one quarter of the members were required to be modelled, as depicted in Fig. 21.
Output from the models was used in conjunction with a strain-based damage 
prediction method to determine the fracture life of the braces. The numerical results 
were initially validated against tests, after which, a series of parametric studies was 
performed.
4.1 Element type and mesh size
The 4-node doubly curved general-purpose shell element with reduced integration, 
designated S4R [25] has been employed throughout the study. This element allows 
transverse shear deformation and can be used for thick or thin shell applications. It 
has been successfully used in previous studies for modelling hollow section columns 
and produced accurate results for compressive resistance and failure modes [26, 27]. 
Strain outputs from the models were found to be sensitive to mesh size. In order to 
improve computational efficiency, varying mesh densities were employed in different 
areas of the models. Refined meshes were used only in areas where local buckling 
was anticipated, i.e. at the mid-length and ends of the members, since all braces were 
fixed-ended. The size of the elements in the refined mesh at mid-length was 
determined by a convergence study [11]. Strain outputs were extracted only from the 
elements in the region of the mid-length of the members, since this is where fracture 
was observed in the experiments. The fine mesh at the end of the braces was required 
to capture the location and shape of local buckling accurately but no strain outputs 
from that part were used for predicting fracture. The demand of the fineness of mesh 
at each end of the braces was lower than at mid-length and therefore a coarser mesh 
was used.
The extent of the refined mesh in the longitudinal direction was set to 1.5 times the 
dimension of the larger face of the section. This ensured that the refined area was 
sufficiently large to accommodate the half wavelength of the locally buckled shape, 
which was approximately equal to the dimension of the larger face of the section.
Since local buckling may occur within the length of the stiffeners or beyond it, a 
refined mesh was applied to the stiffened region and extended 1.5 times the dimension 
of the larger face of the section.
4.2 Material modelling
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Baushinger effect and expansion of the elastic material range was needed to represent 
the large plastic strains and load reversals. The nonlinear isotropic/kinematic 
hardening model [25] was adopted in the FE models in the current study. A series of 
strain-controlled fully-reversed cyclic axial tests on coupons cut from the test 
specimens was carried out to calibrate the material model. The values of the
parameters have been determined in a previous study [10].
The strength enhancement in the corner regions of the cold-formed sections was also 
considered. The strength enhancement were assumed to extend beyond the corner to a 
distance equal to the material thickness for the cold-formed carbon steel models [28] 
and two times the material thickness for the cold-formed stainless steel models
[29,30]. Homogeneous material properties around the section were assumed for the
hot-rolled carbon steel models.
4.3 Initial geometric imperfections
All structural members contain initial geometric imperfections. These imperfections 
trigger out-of-plane deflections at stresses below the theoretical critical buckling 
values. In this study, both global and local initial geometric imperfections were 
incorporated into the numerical models to assess their influence. The amplitude of 
global imperfection was measured for each of the test specimens in two perpendicular
directions. The observed amplitude of global imperfection was applied in the direction 
of global buckling in the models by introducing an equivalent load at mid-length.
Local geometric imperfections comprising longitudinal sinusoidal waves with half-
wavelength equal to the width of the section and compatible sinusoidal half-waves 
across the section faces were introduced into the numerical models. The imperfections 
were incorporated into the models by defining nodes directly in their imperfect 
configuration. The amplitudes of the initial imperfections of stainless steel specimens
were taken from the predictive formula proposed by Dawson and Walker [31] and 
calibrated by Gardner and Nethercot [29] as given by Eq. (2):
)σf(023.0tω cry0  (2)
where 0 is the initial imperfection amplitude, t is the plate thickness, fy is the 
material yield stress and cr is the plate critical buckling stress. Gardner et al. [17]
measured the local imperfections in the specimens used in this study and other similar 
specimens. A least-squares regression analysis of the measured imperfection data for
cold-formed and hot-rolled hollow sections resulted in the proposal of the predictive 
expressions given by Eqs (3) and (4) respectively. These are based on a second model 
by Dawson and Walker [31] in which the ratio of fy/cr is raised to the power of 0.5, 
such that:
5.0
cry0 )σf(034.0tω  (3)
5.0
cry0 )σf(028.0tω  (4)
4.4 Damage prediction
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As fracture was not explicitly simulated in the models, a strain-based damage 
prediction method was adopted. The adopted procedure for predicting damage 
required the monitoring of strains during each cycle of loading. Average strains over 
an area covering the corner and one-eighth of the buckling wavelength were used to 
predict damage and calculate fatigue life. Details of the procedures and FE models
have been reported previously [11]. The strain-life relationship for each of the
materials tested in the current study was established though ultra low cycle fatigue
material testing [10].
4.5 Verification
Prior to performing parametric studies, the FE models were verified against the cyclic 
axial tests carried out in the present study and further tests from the literature. 
Boundary conditions were applied to the numerical models to represent the fixed end 
conditions of the test specimens; the end stiffeners were also modelled. All degrees of 
freedom of nodes at both ends of the members were restrained, except for the axial 
displacement at the loaded end. 
Hysteresis curves from selected FE simulations and corresponding tests on specimens 
of the three materials are shown in Figs 22(a)-(c). The comparison shows that the FE 
models are capable of simulating the hysteretic behaviour well for all three materials.
It may be seen that the drop in compressive resistance after buckling is more 
pronounced in the FE models than in the tests and that load continues to rise until the 
maximum tensile displacement has been reached in the carbon steel models, as 
opposed to the plateau seen in the experiments. These discrepancies are attributed to 
the limited number of parameters (four) in the material model which can lead to 
inaccuracies in fully capturing the precise material response [10]. Three extra test 
results from Goggins et al. [9] and Walpole [32] have also been employed to verify 
the applicability of the current models to other specimens and loading regimes, as 
discussed below.
A comparison between the number of cycles to failure and predictions from the FE 
models is presented in Table 4. The agreement between test and FE results is good 
with only a few exceptions which may be due to the premature cracking in the weld 
regions. These cracks reduce the rotational stiffness at the ends of the specimens and 
increase their effective length, which lessens the rotation at the mid-length. The 
discrepancy between the results of Goggins et al. [9] and the numerical predictions
may be due to the assumptions that had to be made on the material properties. 
A crucial criterion for accurate prediction of fracture is reproducing the strain 
distribution correctly in the FE models. The FE and experimental strain measurements 
at various stages of the cyclic axial test on Specimen 60×60×3×2850-SS-CF are 
presented in Figs 23(a)-(c). The FE strain output has been extracted from the same 
locations as the strain gauges (Fig. 3). The FE models capture the variation of strain 
across the section accurately and are capable of predicting the high strains at the
corner areas which eventually lead to fracture. The only significant discrepancy
between test measurements and FE arises at the corner areas after local buckling has 
occurred (Fig. 23(c)). This discrepancy is believed to be due to the fact that the actual 
deformations in the tests have exceeded the working range of the strain gauges and 
they are thus unreliable. Nevertheless, it is evident that the FE models can predict the 
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buckling and failure of SHS and RHS braces under cyclic loading, although their level 
of accuracy for different materials and configurations are to be identified in Section 5.
A sensitivity study has been conducted to assess the response of the models to 
variation in global and local imperfections. The amplitude of the local imperfection 
was varied from t/10 to t/1000 while that of the global imperfection was varied from 
L/100 to L/10000. The study showed that larger amplitudes of both global and local 
imperfections cause earlier local buckling but the effect on fracture is small. It was 
found that varying the amplitude of imperfection by a factor of 100 generally only 
resulted in a difference of 2 cycles or less to fracture.
5 PARAMETRIC STUDIES
Parametric studies were conducted to compare the performance of members of the 
three materials, particularly in the aspects of number of cycles to failure, energy 
dissipation and tangent stiffness. In this study, 16 models were considered for each 
material. These were 60×60 mm square hollow sections with thicknesses of 2.5 mm, 
3.0 mm, 4.0 mm and 6.0 mm. The member lengths were 1500 mm, 2500 mm, 3500
mm and 5000 mm. 
In order to ensure a consistent comparison between the materials, the yield strengths
of the three materials were set equal to one another, while the cyclic material 
parameters reflected their particular characteristics in terms of cyclic hardening. A
global imperfection of L/1500 and local imperfection with amplitudes obtained from 
Eqs (2)-(4) were incorporated in the models. In some cases, slightly larger local 
imperfections were applied to overcome numerical difficulties, but the sensitivity 
study showed that the effect of such changes was negligible.
Similar to the experimental specimens, all models remained elastic in the first few 
cycles, followed by global buckling and inelastic deformation. Local buckling was 
observed at the mid-length and, to a lesser extent, at the ends. Fracture was predicted 
to occur at the mid-length where the deformation was the largest, although a few 
exceptional cases showed that fracture occurred at the area of local buckling at the 
ends. Among the models of the same material, the variation of number of cycles to 
fracture and energy dissipation with global and local slenderness was similar to that 
observed in previous studies [6, 7, 9] – in general, the number of cycles to fracture 
increases with increasing global slenderness and decreases with increasing local 
slenderness. Braces with low global slenderness dissipate more energy than slender 
members of the same cross-section. Details of these trends and explanation of the 
behaviour are discussed by Nip et al. [11]. The following sections focus specifically 
on comparisons between the three materials.
5.1 Fracture life
The number of cycles to failure for each specimen is plotted against global
slenderness in Figs 24(a)-(d). All stainless steel models exhibit a larger number of 
cycles to fracture than their carbon steel counterparts. Except for the most slender 
cross-sections, the number of cycles to fracture increases with global slenderness, as 
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does the difference in fracture life between the stainless steel and carbon steel 
members. The plots also show a smaller but consistent difference between hot-rolled 
and cold-formed carbon steel, with the former exhibiting slightly large number of 
cycles for most of the slenderness ranges. The same set of data was reorganised and 
plotted against local slenderness in Figs 25(a)-(d). A similar trend can be observed 
upon variation of local slenderness. The number of cycles to fracture increases with 
decreasing local slenderness, and at low slenderness the difference in fracture life 
between the stainless steel and carbon steel members is greatest, apart from the most 
stocky members.
Empirical equations have been proposed to predict the fracture life of braces from test 
results on cold-formed carbon steel bracing members and occasionally together with 
hot-rolled carbon steel bracing members. Although many of these equations have not 
been specifically developed for hot-rolled carbon steel and cold-formed stainless steel 
members, these equations have been compared with the experimental and FE results 
of specimens of the three materials from the current study, in addition to the data 
available in the literature [9, 32]. Goggins et al. [9] carried out cyclic tests on cold-
formed carbon steel specimens. The end connection details and loading history were 
the same as those employed in present study. From Walpole’s study [32], the test 
result for a cold-formed specimen with fixed end conditions has examined in the 
current study, while results for other specimens with pinned end are not considered. 
Comparison with these additional experiments [9, 32], allows the applicability of the 
equations to more materials and over a larger range of slenderness to be assessed.
A cumulative measure of ductility takes into account the characteristics of the loading
history prior to failure. Shaback and Brown define the accumulated fracture ductility
(f) as the weighted sum of normalised compressive (1) and tensile deformation 
(2) [8]:
  )μ(0.1μμ Δ,2Δ,1Δ,f (5)
Predictive equations have been calibrated by tests on cold-formed carbon steel square 
hollow section bracing members [8, 33] and are given as:
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where Cs is an empirical constant taken as 0.065, K is the effective length factor, b is 
the longer face of the cross-section, d is the shorter face of the cross-section, t is the 
thickness of cross-section, r is the radius of gyration and fy is the material yield 
strength in N/mm2. The predicted values of accumulated fracture ductility are
generally similar to the experimental and FE results only with some exceptions for 
specimens exhibiting large accumulated fracture ductility. However, this prediction 
method tends to overestimate the ductility of cold-formed stainless steel experimental
specimens and underestimates the corresponding FE specimens (Fig. 26). This 
contradiction indicates a high sensitivity of accumulated fracture ductility to the shape 
of the hysteretic loops.
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A prediction method independent of the shape of hysteretic loops is more desirable
because it gives the ductility of bracing members without requiring detailed
knowledge of the load-displacement response. Such a relationship between 
displacement ductility () and global slenderness has been established from tests
conducted with a number of loading histories [7]:
 3.83.2 (8)
Goggins et al. [9] noted that both global slenderness and local slenderness affected the
displacement ductility of bracing members. Eq. (9) was re-calibrated with their test 
data and a new relationship expressing displacement ductility in terms of local 
slenderness was proposed (Eq. (10)):
 2.267.0 (9)
)tb(07.11.29  (10)
A comparison between these equations and results from the current study shows that 
these relationships generally overestimate the displacement ductility and do not fit the 
derived test data over the full range of global and local slenderness (Table 5).
In light of the co-existing influence of global slenderness and local slenderness, 
Tremblay et al. [34] proposed an expression for rotation at fracture,f, in terms of 
both slenderness parameters:
3.01.0
f )r
KL
()
t
d
t
b
(091.0  (11)
where b/t is the section width-to-thickness ratio, d/t is the section depth-to-thickness 
ratio, KL is the effective length and r is the radius of gyration. In cases where rotation 
at fracture has not been measured, it has to be obtained from the plastic hinge model
[7], which has been shown to overestimate the lateral deflections of the braces in the 
previous section of this paper. Consequently, although Eq. (11) generally provides 
better predictions than Eqs (7)-(10), it tends to underestimate the rotation at fracture 
implied from the experiments. (Fig. 27)
Displacement ductility can be easily measured and has been reported in most 
experimental programmes. Predictive expressions for displacement ductility which
address the co-existing influence of global slenderness and local slenderness for 
braces of each material are therefore proposed based on the results of this study as 
follows:
Hot-rolled carbon steel: )tb)((19.0)tb(05.097.669.3  (12)
Cold-formed carbon steel: )tb)((06.0)tb(11.028.245.6  (13)
Cold-formed stainless steel: )tb)((64.0)tb(21.086.1942.3  (14)
Table 5 shows the comparison between the predicted values and the FE or 
experimental results for Eqs (8)-(10) and (12)-(14), which indicates that the new 
expressions improve the predictions of displacement ductility and that separate
expressions for each material are necessary. The new relationships predict the 
displacement ductility accurately for members with a range of ductilities (Fig. 28).
The trends of displacement ductility predicted by Eqs (12)-(14) are given in Fig. 29. 
Members with a cross-section slenderness b/t = 30, which is close to the upper limit 
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of Class 1 cross-sections, exhibit a relatively low level of ductility regardless of the
global slenderness or the constituent material. Stainless steel members with stocky 
cross-sections and high global slenderness show higher ductility than their carbon 
steel counterparts. The hot-rolled carbon steel bracing members show higher ductility
in comparison with the cold-formed carbon steel members, particularly for relatively 
high  and low tb . This difference diminishes however at low  values and 
high tb proportions.
Since strain localisation due to local buckling is a significant contributor to the 
initiation of fracture, the difference in number of cycles to failure between different 
members can be explained by examining the factors that influence local buckling. The 
occurrence of local buckling of a plated element of a hollow section member depends 
on the tangent stiffness of the material, which changes at different stages of loading.
Figs 30(a) and (b) show a comparison of the stress-strain hysteretic behaviour of the 
three materials subjected to cyclic axial loading at strain amplitudes of ±1% and ±3% 
respectively. These tests have been carried out on coupons cut from the flat faces of 
hollow section members examined in a complementary study [10]. In Fig. 31(a), cold-
formed stainless steel shows higher compressive stiffness than hot-rolled and cold-
formed carbon steel except for some points on the elastic unloading branch after load 
reversal. In Fig. 31(b), cold-formed stainless steel has similar compressive stiffness to 
hot-rolled carbon steel while cold-formed carbon steel has lower stiffness.
For slender members and all members with stocky cross-sections, stainless steel 
exhibited a higher number of cycles to fracture than carbon steel. Strains experienced 
at the critical cross-sections of these members following global buckling were in the 
region of ±1%. As shown in Fig. 31(a), the tangent compressive stiffness at zero 
strain of cold-formed stainless steel is approximately 54000 N/mm2, which is twice of 
the value for cold-formed carbon steel. Stainless steel material maintains higher 
compressive stiffness at this strain amplitude and therefore delays local buckling and 
hence fracture. The difference between stainless steel and carbon steel is greatest for
members with high global slenderness or low local slenderness. Strains in the critical 
regions of members with low global slenderness or high local slenderness are higher, 
at around ±3%. At this strain amplitude, the stiffness of the three materials is similarly 
low, as shown in Fig. 31(b) where the tangent compressive stiffness at zero strain of 
the three materials is below 1% of the elastic stiffness, and hence local buckling is 
more readily triggered, resulting in a similar number of cycles to failure for all three 
materials.
5.2 Energy dissipation and hysteretic loops
Normalised hysteretic energy is obtained by calculating the area under load-
displacement hysteretic loops with normalisation by yield load and yield displacement,
respectively. It was found that the areas under the hysteretic loops of models of the
whole ranges of global and local slendernesses of the three materials were similar for 
all three materials and over the investigated ranges of both local and global 
slenderness; hence the accumulated energy dissipation of the three materials follows a 
similar trend (Fig. 32). However, the stainless steel members with stocky cross-
sections or high global slenderness withstand significantly more cycles than their 
carbon steel counterparts and thus the total energy dissipation to fracture is higher.
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The same also applies, but to a lesser extent, to the higher energy dissipation in the 
hot-rolled carbon steel members in comparison with the cold-formed carbon steel 
specimens. This is attributed to the reduced ductility at the corners caused by the cold-
forming process.
The shapes of the hysteretic loops of the models of the three materials are different 
although their areas are approximately the same. Figs 33(a) and 33(b) show the 
hysteretic loops of the 8th and 9th cycle for the 60×60×6×3500 models of the three 
materials respectively. These represent the shapes of typical hysteretic loops during 
the first and subsequent cycles of loading at a certain applied displacement. The 
stainless steel specimen develops higher tensile resistance in both cycles due to cyclic
hardening of the material. Figs 34(a) and 34(b) show the tangent tensile stiffness of 
the braces during these two cycles respectively. In the 8th cycle, the peak tangent
tensile stiffness reached by the three specimens is similar but the stainless specimen 
maintains a higher tangent stiffness while the two carbon steel specimens exhibit a 
load plateau at large tensile displacement. During the next cycle, the peak tangent 
stiffness of the stainless steel specimen does not deteriorate as much as that of the
carbon steel specimens. Also, the peak tangent stiffness develops at a smaller tensile 
displacement than the carbon steel specimens. These are crucial characteristics that 
influence the design of concentrically braced frames, since bracing members acting in 
tension are the main source of stiffness in concentrically braced frames.
6 CONCLUSIONS
A total of 16 square and rectangular hollow section members of three materials – hot-
rolled carbon steel, cold-formed carbon steel and cold-formed stainless steel – were 
tested under cyclic axial loading. The full hysteretic response and key test results from 
all tests have been reported. Despite a significant difference in monotonic material 
properties, in particular tensile ductility and pronounced strain hardening, member 
behaviour was found to differ to a lesser extent. Nevertheless, stainless steel 
specimens showed higher tensile and compressive resistance and maintained higher 
tensile stiffness, when compared to carbon steel specimens with similar characteristics 
and slenderness.
FE models, verified against the experimental results from the current study and two 
other research programmes, were used in conjunction with a strain-based damage 
prediction method to conduct a parametric study. Stainless steel members were found
to be capable of sustaining more cycles of loading than carbon steel members prior to 
fracture, especially for stocky (low b/t) sections and members with high global 
slenderness. In comparison with cold-formed carbon steel, hot-rolled specimens were 
relatively more ductile particularly for high global slenderness and low local 
slenderness. The empirical expressions, derived from carbon steel test data, for 
predicting the buckling resistance, compressive post-buckling resistance and mid-
length lateral deflection have been found to be generally applicable to cold-formed 
stainless steel members. However, due to the difference in member ductility and 
inclusion of data of specimens of a larger range of slenderness, previous relationships 
between member ductility and slenderness do not give satisfactory predictions of the 
experimental and FE results obtained in the current study. Expressions of
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displacement ductility in terms of both global slenderness and local slenderness have 
been calibrated for braces of each material. These relationships accurately reflect the 
influence of slenderness and material properties on the ductility of the braces. 
The level of energy dissipation of members of the three materials at the same 
amplitude of loading were shown to be similar, although higher total energy 
dissipation to failure of stainless steel members was found owing to the higher 
number of cycles to failure. For carbon steel members, the energy was relatively 
higher in hot-rolled than cold-formed specimens. The most significant and crucial 
difference between the materials were the tangent tensile stiffness of the members. 
Stainless steel specimens and FE models exhibited higher stiffness than those of the
two other materials. These conclusions can have implications on the overall structural 
response of framed structures.
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1Table 1. Monotonic tensile material properties
Specimen
Young’s 
modulus, E
(N/mm2)
Yield strength / 
0.2% proof 
stress, fy
(N/mm2)
Ultimate 
tensile 
strength, fu
(N/mm2)
Percentage 
elongation at
fracture, 
L(%)
6003-CS-HR 215150 458 555 37
4003-CS-HR 219610 478 555 31
6003-CS-CF 207430 361 402 49
4004-CS-CF 201640 410 430 38
4003-CS-CF 212910 451 502 24
6003-SS-CF 197730 483 745 58
5003-SS-CF 197960 552 798 59
6003-SS-CF 191690 538 753 58
Revised Table
2Table 2. Measured geometry of test specimens
Specimen 
identification
Depth 
(mm)
Width 
(mm)
Thickness 
(mm)
Internal
corner radius 
(mm)
60×60×3×2050-CS-HR 60.42 60.26 3.25 2.75
40×40×3×2050-CS-HR 40.12 39.92 2.98 1.75
40×40×3×1250-CS-HR 40.12 39.92 2.98 1.75
60×60×3×2050-CS-CF 59.87 59.75 2.76 4.00
40×40×4×2050-CS-CF 40.42 40.32 3.75 3.50
40×40×3×2050-CS-CF 40.13 40.01 2.79 3.00
40×40×3×1250-CS-CF 40.13 40.01 2.79 3.00
60×60×3×2850-SS-CF 60.62 60.27 2.79 2.75
50×50×3×2850-SS-CF 50.19 50.03 2.76 1.00
60×40×3×2850-SS-CF 60.13 39.98 2.75 1.50
60×60×3×2050-SS-CF 60.62 60.27 2.79 2.75
50×50×3×2050-SS-CF 50.19 50.07 2.76 1.00
60×40×3×2050-SS-CF 60.13 39.98 2.75 1.50
60×60×3×1250-SS-CF 60.62 60.27 2.79 2.75
50×50×3×1250-SS-CF 50.19 50.03 2.76 1.00
60×40×3×1250-SS-CF 60.13 39.98 2.75 1.50
3Table 3. Summary of test results.
Specimen identification
Yield 
displacement 
(mm)
b/t 
Number of cycles to
Displacement 
ductility global 
buckling
local 
buckling
corner
opening
Final 
fracture
60×60×3×2050-CS-HR 4.31 20.6 0.57 5 7 10 11 4
40×40×3×2050-CS-HR 4.92 14.7 0.89 4 15 18 20 10
40×40×3×1250-CS-HR 3.00 14.7 0.50 5 8 11 15 6
60×60×3×2050-CS-CF 4.51 20.8 0.53 5 7 10 11 4
40×40×4×2050-CS-CF* 4.51 9.1 0.89 4 - 11 14* 6
40×40×3×2050-CS-CF* 5.95 14.2 0.90 3 5 10 11* 4
40×40×3×1250-CS-CF 3.63 14.2 0.50 4 8 10 11 4
60×60×3×2850-SS-CF 7.41 25.5 0.89 3 8 10 10 4
50×50×3×2850-SS-CF 8.27 23.7 1.16 3 12 14 14 8
60×40×3×2850-SS-CF* 8.55 28.4 1.40 3 - 10 11* 4
60×60×3×2050-SS-CF 5.33 25.5 0.62 5 8 9 10 4
50×50×3×2050-SS-CF 5.95 23.7 0.80 4 8 10 11 4
60×40×3×2050-SS-CF 6.15 28.4 0.97 4 8 11 11 6
60×60×3×1250-SS-CF 3.25 25.5 0.34 5 8 10 11 4
50×50×3×1250-SS-CF 3.63 23.7 0.45 5 8 10 11 4
60×40×3×1250-SS-CF 3.75 28.4 0.54 5 6 10 10 4
* Specimen failed at end connection.
4Table 4. Verification of FE models
Specimen identification
Number of cycles to
local 
buckling
fracture
Test FE Test FE
60×60×3×2050-CS-HR 7 8 10 9
40×40×3×2050-CS-HR 15 9 18 12
40×40×3×1250-CS-HR 8 8 11 10
60×60×3×2050-CS-CF 7 5 10 8
40×40×4×2050-CS-CF - 11 11 13
40×40×3×2050-CS-CF 5 8 10 10
40×40×3×1250-CS-CF 8 6 10 8
60×60×3×2850-SS-CF 8 8 10 10
50×50×3×2850-SS-CF 12 10 14 12
60×40×3×2850-SS-CF - 9 10 11
60×60×3×2050-SS-CF 8 8 9 9
50×50×3×2050-SS-CF 8 8 10 10
60×40×3×2050-SS-CF 8 8 11 10
60×60×3×1250-SS-CF 8 8 10 10
50×50×3×1250-SS-CF 8 8 10 9
60×40×3×1250-SS-CF 6 5 10 9
40×40×2.5×1100-CS-CF* - 8 14 9
50×25×2.5×1100-CS-CF* - 7 17 9
150×100×6×2704-CS-CF* - 5 7 6
* Tests results from Goggins et al. [9] and Walpole [32]; number of cycles at which 
local buckling occurred was not reported
5Table 5. Comparison between predicted displacement ductility by various equations 
and displacement ductility obtained from FE models or experiments
References Equation
Prediction / FE or Prediction / test
Hot CS Cold CS Cold SS
Mean C.O.V. Mean C.O.V. Mean C.O.V.
Tremblay 
[7]  3.83.2 1.80 0.34 1.95 0.45 (1.55) (0.33)
Goggins et 
al. [9]
 2.267.0 (3.08) (0.53) 3.15 0.65 (2.42) (0.47)
)tb(07.11.29  (2.55) (0.31) 2.76 0.36 (2.08) (0.35)
Current 
study
)tb)((19.0)tb(05.0
97.669.3


1.03 0.18 - - - -
)tb)((06.0)tb(11.0
28.245.6


- - 1.10 0.30 - -
)tb)((64.0)tb(21.0
86.1942.3

 - - - - 1.02 0.21
* Values in brackets indicate that the equation has not been derived from a database 
consisting of specimens of that material.
1Fig. 1: Section labelling convention and location of flat and corner tensile coupons
Fig. 2: Schematic diagram of the test set-up (plan view)
Revised figures
2Fig. 3: Instrumentation on the cross-section at mid-length of the members
Fig. 4: End connection details of test specimens (dimensions in mm)
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Fig. 5: Typical monotonic tensile stress-strain curves of flat materials from hot-rolled 
carbon steel, cold-formed carbon steel and cold-formed stainless steel specimens.
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Fig. 6: Typical monotonic tensile stress-strain curves of corner materials from hot-
rolled carbon steel, cold-formed carbon steel and cold-formed stainless steel 
specimens.
4Fig. 7: Buckling of Specimen 60×60×3×2850-SS-CF
5Fig. 8: Formation of a plastic mechanism in Specimen 50×50×3×2850-SS-CF
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7Figs 11(a)-(c): Load-displacement hysteretic loops for (a) Specimen 60×60×3×2050-
CS-HR, (b) 40×40×3×2050-CS-HR and (c) 40×40×3×1250-CS-HR
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Figs 12(a)-(d): Load-displacement hysteretic loops for Specimens (a) 
60×60×3×2050-CS-CF, (b) 40×40×4×2050-CS-CF, (c) 40×40×3×2050-CS-CF and (d) 
40×40×3×1250-CS-CF
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Figs 13(a)-(i): Load-displacement hysteretic loops for Specimens (a) 60×60×3×2850-
SS-CF, (b) 50×50×3×2850-SS-CF, (c) 60×40×3×2850-SS-CF, (d) 60×60×3×2050-
SS-CF, (e) 50×50×3×2050-SS-CF, (f) 60×40×3×2050-SS-CF, (g) 60×60×3×1250-SS-
CF, (h) 50×50×3×1250-SS-CF, and (i) 60×40×3×1250-SS-CF
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Fig. 14: Maximum compressive resistance at various displacement amplitudes
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Fig. 15: Normalised initial buckling load of cyclic specimens compared with static 
buckling load given by Eurocode 3.
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Fig. 16: Normalised compressive resistance at compression displacement of 2y for
cyclic specimens compared with prediction by Tremblay [7] and AISC [23].
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Fig. 17: Normalised compressive resistance at compression displacement of 4y for
cyclic specimens compared with prediction by Remennikov and Walpole [24], 
Tremblay [7] and AISC [23].
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Fig. 18: Accumulated normalised energy dissipation
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Fig. 19: Normalised energy dissipation at the 8th cycle
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(a)
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Figs 20(a)-(c): (a) Local buckling, (b) small opening at corners and (c) complete 
fracture of Specimen 60×40×3×1250-SS-CF
(c)
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Fig. 21: Model of a quarter of Specimen 50×50×3×1250-SS-CF
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Figs 22(a)-(c): Comparison of hysteretic curves for Specimens (a) 60×60×3×2050-
CS-HR, (b) 40×40×3×1250-CS-CF and (c) 50×50×3×2850-SS-CF from FE 
simulation and experiment
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Figs 23(a)-(c): Comparison of strain measurements at mid-length at the maximum 
compressive displacement in the 4th, 6th and 8th cycle for Specimen 60×60×3×2850-
SS-CF from FE simulation and experiment
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Figs 24(a)-(d): Number of cycles to failure for FE specimens with (a) 6.0 mm, (b) 4.0 
mm, (c) 3.0 mm and (d) 2.5 mm thick sections
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Figs 25(a)-(d): Number of cycles to failure for (a) 5000 mm, (b) 3500 mm, (c) 2500 
mm and (d) 1500 mm long FE specimens
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Fig. 26: Comparison between the predicted values of accumulated fracture ductility 
by Shaback and Brown [8] and the values obtained from FE models and experiments
Fig. 27: Comparison between the predicted values of rotation at fracture by Tremblay 
et al. [34] and the values obtained from FE models and experiments
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Fig. 28: Comparison between the predicted values of displacement ductility from the 
proposals in the current study and the values obtained from FE models and 
experiments
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Fig. 29: Variation of displacement ductility against member slenderness of bracing 
members with cross-section of b/t= 10 and b/t= 30 for the three materials
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Figs 30(a)-(b): Stress-strain hysteretic behaviour of the three materials subjected to 
cyclic axial loading at ±1% and ±3% strain amplitudes
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Figs 31(a)-(b): Tangent stiffness of the three materials subjected to cyclic axial 
loading at ±1% and ±3% strain amplitudes
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Fig. 32: Normalised accumulated hysteretic energy for 60×60×6×3500 FE specimens 
of the three materials
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Figs 33(a)-(b): Normalised load-displacement hysteretic loops of the 8th and 9th cycle 
of 60×60×6×3500 models of the three materials
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Figs 34(a)-(b): Instantaneous stiffness during the 8th and 9th tensile loading half cycle 
for 60×60×6×3500 FE specimens of the three materials
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